Purpose To assess the incidence of monozygotic twinning (MZT) among cases undergoing assisted reproductive technology (ART) treatment. Methods We performed a retrospective observational study and analyzed the data of patients who were registered in the national ART registry system of Japan from January to December 2010; only the data of patients with single embryo transfer (ET) were included. Results Of 30,405 pregnancies, 425 resulted in MZT following fresh and frozenthawed ET. The MZT incidence among women undergoing ART was 1.4 %. Multiple logistic regression analysis indicated that cases undergoing fresh and frozenthawed ET, blastocyst transfer had a significantly increased MZT rate (P<0.01). Assisted hatching (AH) and frozenthawed ET and maternal age did not significantly affect the MZT incidence. Of 8510 fresh ET pregnancies, 104 resulted in MZT. Multiple logistic regression analysis indicated that blastocyst transfer significantly increased the MZT rate in cases undergoing fresh ET. Ovarian stimulation, intracytoplasmic sperm injection, AH, and maternal age did not significantly affect the MZT incidence. Conclusions Blastocyst transfer was associated with an increased MZT incidence. We have to be aware of the potential risk of MZT caused by blastocyst transfer. However, further studies are required to assess the correlation among specific AH types, embryo culture conditions, and MZT incidence.
Gynecology (JSOG), the multiple pregnancy rate for ART treatment was 11.54 % in 2008. With an aim to reduce the incidence of multiple births, JSOG established the following recommendations in April 2008: (i) elective single embryo transfer (ET) should be performed for all patients aged<36 years who have no history of repetitive implantation failure; and (ii) the maximum number of transferred embryos should be restricted to 2, irrespective of the patient's age. Thus, the multiple pregnancy rate was reduced to 4.85 % in 2010; this may have primarily resulted from an increase in the use of single ET (2).
In general, most twin cases involve dizygotic twins that arise from multiple ET. Monozygotic twinning (MZT) is rarely observed naturally, and it only occurs in approximately 0.4 % of all births (3). In contrast, the incidence of MZT after ART is 0.9 % (4). However, the underlying reasons for the increase in the MZT rate following ART treatment remain unclear. Some studies have proposed ovarian hyperstimulation (5-7), zona pellucida manipulation (4, (8) (9) (10) , ET stage (4, (11) (12) (13) , and maternal age (14) (15) (16) to have an effect on the increased incidence of MZT.
As the occurrence of MZT is relatively rare, a large-scale study is required for analyzing the causes of MZT following ART. In the present study, the incidence of MZT, along with factors which might influence the MZT rate, were evaluated utilizing variables available in the national ART registry system of Japan in 2010. Specifically, ovarian stimulation, fertilization methods, fresh or frozen-thawed ET, ET stage, zona pellucida manipulation, and maternal age were evaluated.
Materials and methods
To examine the incidence of MZT, a retrospective observational study was performed. Since 2007, registered ART clinics are mandatorily required to report their cycle-based clinical data via a web-based registry system; since 2010, data on assisted hatching (AH) have also been added to the registry system. Of the 591 registered ART clinics, 587 (99.3 %) clinics reported their cycle-based clinical data. The data of patients in the national ART registry system of Japan from January to December 2010 were analyzed.
The definition of MZT was identified based on the detection of>1 fetal poles on ultrasonography in the cycle with single ET. The type of AH could not be analyzed because there were no detailed records for procedures of AH in the registry system. Moreover, because of the JSOG regulations against egg donation in Japan, data regarding egg donation were not officially included in the present study. In the present study, 242,161 cycles were evaluated. We excluded cycles with no embryo transfer and cases in which the following data were missing: type of ovarian stimulation, fertilization method, duration of embryo culture, and use of AH. To identify the possible factors affecting the incidence of MZT, a multiple logistic regression analysis was performed with the data from 30,405 pregnancies resulting from 105,455 single ET cycles. The adjusted variables included maternal age, fresh or frozenthawed ET, duration of embryo culture (early cleavage stage ET or blastocyst transfer), and the use of AH. In addition, subgroup analysis was also performed for cases undergoing fresh ET. In the subgroup analysis, the adjusted variables included maternal age, ovarian stimulation protocols (no stimulation vs clomiphene citrate, human menopausal gonadotropin, or follicle stimulating hormone), fertilization methods, duration of embryo culture, and use of AH. Thus, the crude and adjusted odds ratios, 95 % confidence intervals (CI), and P-values of the likelihood-ratio test for each independent variable were calculated. All the analyses were performed using the IBM SPSS software version 21.0 for Windows (IBM Corp, NY, USA). A P-value of<0.05 was considered to indicate a significant difference in all analyses.
The present study was approved by the Registration and Research Subcommittee of the JSOG ethics committee, and all the data analyzed in the present study were provided by the JSOG. Table 1 shows the characteristics of infertility factors for ART treatments. The number of clinical pregnancies and the MZT rate in fresh and frozen-thawed ET are shown in Table 2 . There were 425 cases of MZT in 30,405 pregnancies undergoing fresh and frozen-thawed ET. The incidence of MZT in pregnant women following ART was 1.4 %, and the incidence of MZT amongst all transfers was 0.40 %. There were 348 (0.6 %) cases of MZT in 59,692 blastocyst transfers, and 77 (0.2 %) cases of MZT in 45,763 early cleavage stage ETs.
Results
The predicting factors for MZT in cases undergoing fresh and frozen-thawed ET are shown in Table 3 . Blastocyst transfer significantly increased the incidence of MZT (P<0.01). AH, frozen-thawed ET, and maternal age were not associated with a significant increase in the incidence of MZT. The number needed to treat, which was defined as the number of people needed to treat with early cleavage stage ET instead of blastocyst transfer, to reduce MZT incidence by 1 was 241. The number of clinical pregnancies and cases of MZT undergoing fresh ET are shown in Table 4 . A total of 104 cases of MZT resulted from 8,510 pregnancies of fresh ET. The predicting factors for MZT in cases undergoing fresh ET are shown in Table 5 . Blastocyst transfer significantly increased the incidence of MZT (P<0.01). Maternal age, ovarian stimulation, intracytoplasmic sperm injection (ICSI), and AH were not significantly associated with the incidence of MZT.
Discussion
To our knowledge, among retrospective observational studies on the relationship between MZT and ART, the present study included the largest sample size of MZT pregnancies. The incidence of MZT in women undergoing ART was 1.4 %. This was approximately 3.5 times higher than that in natural pregnancy (0.4 %) (3). The present study showed that the incidence of MZT among women treated by frozen-thawed ET, blastocyst transfer, and AH was 1.5, 1.6, and 1.5 %, respectively. The multiple logistic regression analyses indicated that blastocyst transfer significantly increased the incidence of MZT pregnancies. However, the incidence of MZT was not associated with fertilization methods, AH, frozen-thawed ET, maternal age, and ovarian stimulation. Blastocyst transfer significantly increased the MZT rate, consistent with previous studies (4, 11) . The MZT rate after blastocyst transfer was estimated to be 1.7 %, which is 4.25 times higher than that in natural pregnancy (MZT rate of 0.4 %) (4).
The increased MZT rate with blastocyst transfer may be explained by the following mechanisms. The extended exposure to culture media might induce hardening of the zona pellucida before blastocyst transfer. This might result in pinching and splitting of the inner cell mass at the time of hatching and the consequent development of 2 fetal plates (4). On the other hand, a recent study reported that improvements in culture systems significantly reduce the likelihood of MZT with blastocyst transfer (17) . The present study showed that the incidence of MZT among women treated by single blastocyst transfer was 1.7 %. A previous study with single ET showed the incidence of MZT among women treated by blastocyst transfer was 1.2 % (18). Sills et al. reported that multiple ET might partially increase the MZT rate for patients undergoing in vitro fertilization (IVF) (19) . With regard to the number of blastocysts transferred, several studies have reported the increasing incidence of MZT with multiple blastocyst transfer. The MZT rate per pregnancy among multiple blastocyst transfer has been reported as 3.9 % (13), 12.5 % (20), and 13.2 % (21). Comparing these previous studies and the present study, the MZT rate is apparently lower with single blastocyst transfer than multiple blastocyst transfer.
Theoretically, the artificial manipulation of the zona pellucida during the process of AH could lead to herniation and subsequent splitting of the inner cell mass, resulting in MZT (4). Previous studies have suggested that AH increases the incidence of MZT (9, 10). However, the present study showed that the likelihood of MZT when undergoing AH was 1.5 %, and AH was not associated with the incidence of MZT in the multiple logistic regression analysis. This is consistent with MZT monozygotic twinning; ET embryo transfer; AH assisted hatching When considering fresh or frozen-thawed, fresh was set as the standard and the odds ratio of frozen-thawed was measured. During embryo culture, early cleavage stage was set as the standard and the odds ratio of blastocyst stage was measured. When considering the AH, AH not performed was set as the standard and the odds ratio of AH performed was measured MZT monozygotic twinning; ET embryo transfer; AH assisted hatching; cOR crude odds ratio; aOR adjusted odds ratio; CI confidence interval a Regression model adjusted for all variables listed in the table the findings of previous studies (22, 23) . The MZT rate when undergoing AH was estimated to be 0.7-0.8 % (4, 24). Therefore, this theory is still controversial, and further studies are needed to confirm the relationship between MZT and AH. In the present study, ICSI, which involves an artificial breach of the zona pellucida, similar to AH, was not associated with significant changes in the MZT rate; this finding was consistent with that of a previous study (8) . However, a previous meta-analysis indicated that the MZT rate when undergoing ICSI was 0.97 % (95 % CI, 0.5-1.6), and ICSI was associated with a 2.25 times higher likelihood of resulting in MZT compared to natural pregnancy (MZT rate, 0.4 %) (4).
In addition, multiple logistic regression analysis of the current data did not indicate any association between frozenthawed ET and MZT, as reported in previous studies (14, 25) . A recent meta-analysis reported that the MZT rate when undergoing frozen-thawed ET was 3.0 %. However, the total number of pregnancies in that analysis was not sufficient to ensure the estimation (4). Previous studies have suggested a possible association between MZT and frozen-thawed ET (26, 27) . The increase in the MZT rate when undergoing frozen-thawed ET was hypothesized to be associated with zona pellucida hardening (28) . However, the association between an increase in the MZT rate and frozen-thawed ET remains controversial.
In the present study, we did not identify an association with maternal age and MZT. A decreasing trend in the MZT rate (P=0.05) was noted with advancing maternal age. Knopman et al. reported that the risk for MZT pregnancy after IVF is highest when the maternal age of the oocyte source is< 35 years (29) . In contrast, other studies reported that the rate of spontaneous MZT increased in women with advancing maternal age (> 35 years) (14) (15) (16) .
Some studies have reported an association between ovarian stimulation and MZT (5-7). In the analysis of the present study, ovarian stimulation was not associated with significant changes in MZT. Although various stimulation protocols were performed, the association of MZT with specific stimulation protocols was not analyzed. Therefore, it is difficult to demonstrate an association between stimulation protocols and MZT.
This study had some limitations. First, sufficient data describing the method of AH performed could not be obtained from the registry system. AH was performed via different strategies among different clinics to achieve optimal outcomes. When considering ovarian stimulation, natural cycles was set as the standard and the odds ratio of ovarian stimulation performed was measured. When considering fertilization method, IVF was set as the standard and the odds ratio of ICSI was measured. During embryo culture, early cleavage stage was set as the standard and the odds ratio of blastocyst stage was measured. When considering the AH, AH not performed was set as the standard and the odds ratio of AH performed was measured MZT monozygotic twinning; ET embryo transfer; AH assisted hatching; IVF in vitro fertilization; ICSI intracytoplasmic sperm injection; cOR crude odds ratio; aOR adjusted odds ratio; CI confidence interval a Regression model adjusted for all variables listed in the table
The size of the hole created in the zona pellucida might also differ between patients. Second, data regarding ovarian stimulation and fertilization methods were not obtained in cases undergoing frozen-thawed ET. Therefore, the ovarian stimulation and fertilization method could not be used as confounding factors in the multivariate analysis (Table 3) . Third, this study found ET stage as a risk factor for MZT, but detailed information on the duration of embryo culture (e.g., day 2 or day 3 ET, day 5 or day 6 blastocyst transfer) was not available. Fourth, information on embryo quality, which may have an impact on MZT, was not available (14) . In the present study, MZT was significantly associated with blastocyst transfer. In MZT, there are monochorionic monoamniotic, monochorionic diamniotic, and dichorionic diamniotic twins. In general, monochorionic monoamniotic and monochorionic diamniotic twins greatly increase perinatal risk. Therefore, it is important to inform patients and obtain full consent when performing blastocyst transfer. Further studies are required to assess the association of MZT with embryo culture conditions and specific types of AH.
